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We observed thirteen laser magnetic resonance lines (transitions between [z =3,J =4]
— [n =5,J =5] for the oxygen molecule, using the 337-pm line of the HCN laser. The
magnetic g factors (g,=2.0044, £,=2.0020, and g,=0.000 125) give the best fit to the
data. The zero-field frequency for the transition (N=J=3) —~ (N =J=5) obtained by
using these sets of the magnetic g factors all agree with theoretical value of 775.700 43
£0.000 01 GHz if an experimental uncertainty of 1 G (+10~* T) is allowed.

In a previous Letter, Evenson et al.! reported
one laser magnetic resonance (LMR) line of the
oxygen molecule at 16 418 G using the 337-um
line of the HCN laser. Here using the same laser
line we report additional resonances of the oxygen
molecule.

Since the oxygen molecule in its electronic
ground state has an electronic spin of 1, each ro-
tational state is a triplet. The transitions within
each triplet have been observed®™ in microwave
spectroscopy. The transitions between different
rotational states are very weak, because they are
magnetic dipole transitions allowed only through
the coupling between the electronic spin and the
end-over-end rotation (Kramers coupling®). Thus,
if each triplet is designated by a “quantum num-
ber” n, which reduces to the quantum number of
the end-over-end rotation N when the Kramers
coupling is switched off, then the transitions in
question are of the type An=+2, and are forbid-
den in the limit of no Kramers coupling.

McKnight and Gordy® observed the transitions
of n=1-3 in submillimeter wave spectroscopy,
giving the only high-resolution zero-field obser-
vation of the rotational transitions. The present
LMR resonances are due to the n=3-5 transi-
tions.

Electron paramagnetic resonance (EPR) of this
molecule has been observed in the X-band region
by Tinkham and Strandberg,"’ Bauers, Kamper,
and Lustig,® and Tischer.® The perturbation
Hamiltonian due to an external magnetic field B

is

H=pglg,5B+(g, -£,)S. B, +£,N°B], (1)
where p; is the Bohr magneton (1.39961 MHz/G);
S and N are the electronic spin and end-over-end
rotational angular momenta, respectively; S, and
B, are the components of S and Balong the mo-
lecular axis; and g,, g,, and g, are the magnetic
g factors. Tinkham and Strandberg” assumed
that g, is equal to the free-electron g factor, ne-
glecting relativistic effects. Hendrie and Kusch'®
observed magnetic resonance of the oxygen mole-
cular beam and analyzed their own data without
the above assumption. Their theory was equiva-
lent to that expressed in Eq. (1), and they obtained

£.=2.0051690.000 056,
2, = 2.001 939+0.000 026, (2)
g, =0.000122+0.000 015

(Their reported values are slightly different be-
cause they used an old value of the free-electron
g factor.) Bauers, Kamper, and Lustig® obtained,
from their EPR data, a rather different set of
values:

£, = 2.004 838 +0.000 030,
8. = 2.002025 +0.000 020, ®3)
&, =0.000126+0.000012.

Tischer’s results® agreed with the latter set of
values.
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FIG. 1. Chart recorder trace showing LMR of the
oxygen molecule for the parallel case.

The apparatus used to record the spectra shown
in Figs. 1 and 2 is described by Wells and Even-
son.'* The O, pressure was 7.5 Torr, and a mod-
ulation field of 8 G was used. No saturation of
the molecule was observed. A different version'?
of the LMR (previously called LEPR) spectrom-
eter was used to check the magnetic gradient of
the 15-in. magnet which was equipped with 6-in.
Rose shimmed pole caps.

The field strength at each resonance was mea-
sured by a gaussmeter located just outside the re-
sonance cell. A correction was made to convert
the field strength outside to that inside the cell,
and was found to be as large as 5.7 G at these
field strengths. This correction made the uncer-
tainty in the field-strength measurement about
1.5 G with a possible systematic error of the or-
der of 1 G for all observed resonance lines.

All observed resonance lines and their assign-
ments are given in Tables I and II. Figure 3
shows relevant energy levels and one typical
LMR transition.
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FIG. 2. Chart recorder trace showing LMR of the
oxygen molecule for the perpendicular case.
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TABLE I. Observed resonance fields (in kG) and cal-
culated perturbation energies (in GHz). Parallel case.
(a) Using (4); average, 115.045 GHz. (b) Using (3);
average, 115.055 GHz. (c) Using (2); average, 115.064
GHz.

B M @ ()] (@
16.169 1 115.043 115.054 115.060
16.411 -4 115.058 115.064 115.076
16.530 -3 115.045 115.059 115.069
17.118 -2 115.043 115.056 115.063
17.448 0 115.042 115.051 115.056
17.690 -1 115.041 115.051 115.057

Theoretical calculation was done in the NSJM
representation, taking N=1, 3, 5, 7, and 9.
The values of the zero-field molecular parame-
ters By, B, B,, X, A;, g, and U, are taken to be
43.100518, -1.4496x107*, - 1.6x107°, 59,501 342,
5.847x107°, -0.2525865, and - 2.464X10"7 GHz,
respectively. These are the values found by
Welch and Mizushima'® by fitting all existing mi-
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FIG. 3. Schematic energy-level diagram. The zero-
field energy separations within each triplet are ob-
served in microwave spectroscopy. Only the strongest
LMR transition, M=—4-—+—4, is shown explicitly.



VoOLUME 29, NUMBER 13

PHYSICAL REVIEW LETTERS

25 SEPTEMBER 1972

TABLE II. Observed resonance fields (in kG) and cal-
culated perturbation energies (in GHz). Perpendicular
case. (a) Using (4); average, 115.043 GHz. (b) Using
(3); average, 115.057 GHz. (c) Using (2); average,
115.064 GHz.

M
B n=3 n=5 (@) (b) (c)
15.097 -4 -3 115.036 115.060 115.071
15.713 -3 -2 115.045 115.058 115.067
16.277 1 2 115.049 115.0564 115.060
16.589 -2 -1 115.042 115.053 115.060
17.361 0 1 115.038 115.048 115.052
17.395 -1 0 115.039 115.049 115.054
17.981 -3 -4 115.058 115.074 115.080

crowave and infrared transition frequencies. For
the present magnetic perturbation calculation,
however, other sets of values *** would give es-
sentially the same result. For the magnetic g
factors, two sets of values given in (2) and (3)
already exist. LMR of O, using the 78- and 118-
pm H,O laser' on the N=13~15 and 21 - 23

transitions provided another set:

g1=2.0044+0.0008,
g, =2.0020=0.0001, (4)
g, =0.000125+0.000 08,

which gives a slightly better fit to that data. Cal-
culation of the magnetic perturbation energies at
observed magnetic resonance fields was done
using these three sets of values of the g factors,
and the results are shown in Tables I and II. The
perturbation energies (frequencies) given there
correspond to the calculated transition frequen-
cies minus the zero-field energy separation be-
tween the N=J =3 levels.

The standard deviation for the thirteen data
points of the calculated perturbation frequencies
is 6.8, 7.1, and 9.7 MHz for the sets (4), (3),
and (2), respectively, showing that the set (4) is
slightly better than the others.

From the observed frequency of the laser line,!®
890.761 +0.001 GHz, the zero-field energy sepa-
ration between the N=J =5 and N=J =3 levels is
obtained as

775.716+0.007 GHz (5a)
E(N=d=5) -E(N=J= 3)=<1775.704+0.007 GHz (5b)
775.696+0.010 GHz. (5¢)

Theoretically, this energy difference should be
EN=J=5)=EN=J=3)= 18(B,,+~§—)\1 — Uy)+156B, + 25 272B,. (6)

When the above cited set of values of the molecular parameters'® is used, we obtain 775.70043 GHz

+0.00001 from this theoretical formula. Comparing this result with (5a), (5b), and (5¢), we see that
the sets (2) and (3) are better than (4). If, however, we assume a systematic error of 1 G in our field
measurement, the set (4) is also acceptable.
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